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Abstract
Physical reality of the existence of electron bubble in liquid 4He (or 3He) renders
a clear experimental evidence for a quantum particle (in an interacting environment as
seen by electron in liquid helium) to occupy exclusively a space of size λ/2 that, obviously,
depends on its energy/momentum. This unequivocally proves that no particle in a system
of interacting bosons such as liquid 4He has momentum p = 0; in stead, all particles in
the ground state of such a system are in the single quantum state of energy εo = h
2/8md2
or momentum p = h/2d.
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Superfluidity and related properties of the low temperature phase of a system of interacting
bosons (SIB) such as liquid 4He [1] and trapped dilute gases [2] are, conventionally, attributed
to an assumed existence of p = 0 condensate, -a macroscopic fraction [np=0 = Np=0/N ] of
its total number of particles, N , occupying zero momentum (p = 0) state of a single particle
confined to its volume, V ; remaining particles, N −Np=0, believed to occupy different states of
non-zero momenta, k1, k2, k3, .... etc., (in wave number unit) form non-condensate component.
This follows from the statistical analysis of non-interacting bosons [3] and Bogoliubov’s field
theoretical study of a system of weakly interacting bosons [4]. Analyzing this distribution
(believed to be the origin of superfluidity and related aspects of a SIB for about seven decades
now), we recently discovered [5] that it does not correspond to lowest possible energy and, as
such, it is unacceptable for the ground state (G-state) of any physical system. Our analysis
[5] also reveals that in the state of least possible energy, needed for the G-state, of a SIB all
particles have identically equal energy εo = h
2/8md2 (equivalent momentum qo = pi/d) which
represents the G-state energy (momentum) of a particle trapped in a cavity formed by its
nearest neighbors and the state is shown to have least possible energy. Consequently not even
a single particle is expected to have p = 0. In other words, our analysis reveals that the laws of
nature, which define the G-state of a physical system to have minimum possible energy, forbid
the existence of p = 0 condensate and the said non-condensate in the G-state of a SIB. In this
paper, we use the physical reality of the existence of an electron bubble (EB) [6,7] in liquid
helium to place these inferences on unshakable foundation.
An excess electron in liquid helium exclusively occupies a self created spherical cavity (known
as electron bubble) of certain radius when it assumes its lowest possible energy in the cavity; to
create the said cavity, electron exerts its zero-point force on helium atoms in its surroundings
and works against the forces originating from inter-atomic interactions and external pressure
on the liquid [6,7]. It is evident that the bubble formation is a consequence of the facts that:
(i) the electron experiences a strong short range repulsion with helium atoms which forbids its
binding with them and (ii) an electron is a quantum particle which behaves as a wave packet
whose size, λ/2 = h/p = h/
√
(2mE), increases with the decrease in its energy E (or equivalent
momentum p). This implies that any quantum particle that experiences similar repulsion with
helium atoms should have similar state in liquid helium and this is found to be true with
positron [8] and other particles (ions, atoms, molecules, etc. [9]).
Since 4He atom is also a quantum particle and it also has a short range strong repulsion
with other 4He atoms, each 4He atom in its lowest possible energy in liquid 4He should exclu-
sively occupy a spherical cavity with an energy h2/8mv2/3 where v is the volume of the cavity.
Assuming that i− atom occupies vi volume we can express the total sum of the G-state energy
of N particles in the liquid as
E =
N∑
i
h2
8mv
2/3
i
(1))
with
V =
N∑
i
vi (2)
A simple algebra reveals that E has its minimum value only and only when all vi are identically
equal to V/N = d3. This concludes that the right value of the G-state energy of a SIB like
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liquid 4He and trapped dilute gases should be
Eo = N
h2
8md2
= Nεo (3)
which clearly proves that no particle in the G-state of a SIB has zero energy/momentum.
Evidently, the laws of nature, responsible for the physical existence of EB, forbid the existence
of even a single particle to have p < h/2d; the question of a particle having p = 0 or a
macroscopic fraction of particles in a SIB having p = 0 does not arise.
The reasons, for which an electron in liquid 4He or 3He exclusively occupies a large size
spherical cavity (electron bubble) are, obviously, applicable to each 4He atom in liquid 4He which
should occupy exclusively a spherical cavity with certain energy εo = h
2/8md2 or equivalent
momentum h/2d. Thus the physical reality of the existence of an EB in liquid 4He and 3He
unequivocally establishes that no 4He atom in the G-state of liquid 4He has p = 0 confirming
that the nature forbids p = 0 condensate of helium atoms in the ground state of liquid 4He.
This conclusion, obviously holds true for the atoms in Bose Einstein condensate of trapped
dilute gases. In fact no particle of such gases has zero momentum because the wave mechanics
of a particle in harmonic trap has to have a least energy of (3/2)hν (where ν is the fundamental
frequency of oscillations of the particle in the trap). While we find that Eqns.(1-3) are consistent
with excluded volume condition [10] which states that each particle such as 4He atom occupies
certain volume exclusively due to its short range hard core interaction with neighboring particles,
it is important to note that Kleban [10], in his paper published long back in 1973, concluded
that p = 0 condensate contradicts the excluded volume condition. However, his inference was
not given due importance for so long for an undue bias in favor p = 0 condensate as the origin
of superfluidity and related properties of a SIB.
In what follows, we compare the momentum distribution of particles in the G-state of a
system of non-interacting bosons [Fig 1(A)], and the momentum distributions of bosons in the
G-state of a SIB as found by Bogoliubov [4] with that concluded by our studies [5], respectively,
depicted in Fig.1(B) and Fig.1(C), for their better perception. It is clear that 100% particles in
a SIB at absolute zero occupy a state of non-zero momentum, p = h/2d as depicted in Fig.1(C).
Although, the existence of an electron bubble clearly proving that a quantum particle in its
G-state exclusively occupies certain space of the size, λ/2, of its wave packet particularly when
it interacts with its neighbors through a strong repulsive force, it is unfortunate that this
reality was never used to determine the G-state of liquid 4He, liquid 3He and electron fluid in
conductors. Had it been so, our understanding of superfluidity and superconductivity would
have been as simple as what is concluded in [11, 12] and the G-state of a SIB [as depicted by
Fig.1(C)] could have been concluded long back.
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Fig.1 : Schematic of distribution of N bosons in their ground state. (A) All the N particles
occupy p = 0 state in a system of non-interacting bosons, (B) depletion of p = 0 condensate
(i.e. only a fraction np=0 = Np=0/N of N bosons occupy p = 0 state) in weakly interacting
boson system as predicted by Bogoliubov model [4], and (C) all the N particles occupy a state
of p = po = h¯qo = h/2d and h¯K = 0 as concluded by this study and our recent analysis [5].
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